Abstract: The breath-hold level to best reduce heart rate for CTCA should be individually assessed prior to scanning because a mean heart rate reduction of 5 bpm can be achieved.
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Materials and Methods: Two-hundred-sixty patients (86 women, mean age 59 11 years) underwent 64-slice CTCA using prospective ECG-triggering. Prior to CTCA heart rates were recorded during 15 seconds of breath-hold in three different levels of inspiration (normal, intermediate and deep). The inspiration level with the lowest heart rate was chosen for actual CTCA scanning. Coronary artery attenuation was measured, and the presence of backflow of contrast material into the inferior vena cava (IVC) (as an indicator of increased intrathoracic pressure) was recorded.
Results:
Mean heart rate at breath-hold was significantly different for the three inspiration levels (normal: 60±8bpm, intermediate: 59±8bpm, deep: 57±7bpm; P<0.001). The maximum heart rate reduction in each patient at breath-hold averaged 5.3±5.1bpm, and was observed at normal inspiration depth in 23 patients (9%), at intermediate inspiration depth in 102 patients (39%) and at deep inspiration in 135 patients (52%).
Overall there was no association between the level of breath-hold and coronary vessel attenuation (P=n.s). However, backflow of contrast material into the IVC (n=26) was found predominantly at deep inspiration levels (P<0.001), and when it occurred, it was associated with reduced coronary attenuation compared to patients with no backflow (P<0.05).
Conclusions:
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Introduction
Low dose computed tomography coronary angiography (CTCA) with prospective electrocardiogram (ECG)-triggering has recently been introduced [1] and shown to offer a tremendous reduction of radiation dose [2] [3] [4] [5] [6] [7] [8] , making its widespread clinical use feasible. Scanning in CTCA with prospective ECG-triggering is exclusively performed during a short phase in diastole, called "diastasis". The new technique appears to be more prone to artifacts caused by coronary motion, especially in higher heart rates, as "diastasis" unproportionally shortens with increasing heart rates [9] , and the length of "diastasis" will become shorter than the time required for image acquisition when heart rates exceed a certain threshold.
Furthermore, when low dose CTCA with prospective ECG-triggering is performed with the smallest possible acquisition window to grant the lowest possible radiation dose, it does not permit image reconstruction in other phases of the cardiac cycle to compensate for possibly reduced image quality. Therefore, an aggressive reduction of heart rate with beta blockers below a target heart rate of 63 bpm appears to be a prerequisite for low-dose CTCA [2, 10] .
CTCA is generally performed during patient's breath-hold to avoid motion artifacts caused by movement of the thorax during image acquisition. However, the breath-hold and particularly the level (or depth) of breath-hold impacts heart rate [11] .
Generally, heart rate is lowest at full vital capacity (deep inspiration) and highest at residual volume (normal inspiration) [11] . However, other factors such as intrapleural and intrathoracic pressure, and neural reflexes also determine heart rate during breath-hold [11] , and lowest heart rates are therefore not always reached at deep inspiration level during breath-hold. Furthermore during CTCA, very deep inspiration for breath-hold may lead to an increased intrathoracic pressure (Valsalva effect), which on its part may impair contrast material flow from the arm veins to the coronary 
Materials and Methods

Patients
Three-hundred-two consecutive patients with suspected (n=274) or known (n=28) CAD referred to CTCA were prospectively enrolled in the present study if none of the following exclusion criteria were present: hypersensitivity to iodinated contrast material, renal insufficiency (creatinine levels >150 μmol/L, or >1.7mg/dl), non-sinus rhythm, or heart rates >63 bpm despite beta-blocker medication.
The study protocol was approved by the institutional review board, written informed consent was obtained.
CT data acquisition and post-processing
To obtain the lowest possible heart rates for the CTCA examination we tried to create a calm and quite atmosphere during patient preparation. Patients were thoroughly instructed about the course of events during the examination. To determine the inspiration level with the lowest heart rate, 3 different breathing commands were practiced repetitively under heart rate monitoring and recording prior to scanning: First, patients were asked to breath normally and stop breathing after normal inspiration; then patients were asked to deeply inspire and hold their breath, and finally patients were asked to find a level of inspiration in between the first two (normal and deep inspiration). Breath-hold was performed for 15 seconds (according to the maximum scan duration) in each inspiration depth with at least 30 seconds of normal breathing in between two different commands.
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CT image analysis
Measurements of vessel attenuation were performed in the proximal right coronary artery (RCA) und the left main artery (LMA) by one experienced reader (L.H.), who drew regions of interest as large as possible, carefully avoiding calcifications, plaques, and stenoses as previously described [12, 13] . The mean from both measurements was calculated and defined as coronary vessel attenuation. 
Statistical analysis
Quantitative variables were expressed as mean ± standard deviation and categorical variables as frequencies, or percentages.
Differences between the three groups (level of inspiration) were determined by univariate analyses of variances (ANOVA) for heart rate and coronary vessel attenuation and by χ 2 -tests for the presence of contrast material in the inferior vena cava. Pearson linear correlation analysis was performed to determine the relation of interindividual heart rate variability with age and BMI. Mann-Whitney-U-tests were used to determine differences in coronary vessel attenuation in patient groups without or with the presence of backflow of contrast material into the inferior vena cava. The relationship between the grade of the backflow and coronary vessel attenuation was analyzed with Spearman rank-order correlation coefficients.
A P-value of <0.05 was considered to indicate statistical significance. SPSS 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 software (SPSS 15.0, Chicago, ILL, USA) was used for statistical testing. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10
Results
CTCA was successfully performed in 281 of 302 consecutive patients; 21 patients were excluded because CTCA was not feasible due to non-sinus rhythm (n=8), because heart rate could not be sufficiently reduced with beta-blocker medication (n=12), or because of elevated creatinine levels (n=1). Another 21 patients were retrospectively excluded because of language barriers forbidding three different breathing commands (n=7) or because heart rates were not properly recorded (n=14). Demographics of the final study population (n=260) are given in table 1 .
Forty-two of 260 patients (16%) were on beta blocker medication as part of their baseline medication; additional intravenous beta blockers were administered for heart rate control prior to CTCA in 188 patients (72%).
Heart rate and inspiration levels
The mean heart rate at the three inspiration levels during breath-hold (normal, intermediate and deep) showed little but significant variation (60±8bpm, 59±8bpm, 57±7bpm; P<0.001; Fig. 2A ). Mean heart rate at breath-hold was significantly different for the three inspiration levels (normal: 60±8bpm, intermediate: 59±8bpm, deep: 57±7bpm; P<0.001). The maximum heart rate reduction in each patient at breath-hold averaged 5.3±5.1bpm, and was observed at normal inspiration depth in 23 patients (9%), at intermediate inspiration depth in 102 patients (39%) and at deep inspiration in 135 patients (52%).
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Coronary vessel attenuation and inspiration levels
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Discussion
Low heart rates are a prerequisite for diagnostic image quality in CTCA with prospective ECG-triggering [2] . Our study adds to the previous knowledge [1] [2] [3] [4] [5] [6] [7] [8] .
In CTCA with prospective ECG-triggering scanning is exclusively performed during a short phase in diastole, called "diastasis", in which coronary motion velocities are relatively low [9, 14, 15] . This phase of the cardiac cycle unproportionally shortens with increasing heart rates [9] , making motion-artifacts-free imaging more unlikely, as the minimum time required for image acquisition (i. e. half a rotation of the x-ray tube, about 175 ms) will become shorter than the duration of "diastasis". Therefore, aggressive reduction of heart rate with beta blockers is required for low-dose CTCA with prospective ECG-triggering. Different groups have concordantly reported the administration of high doses of beta-blockers [2] [3] [4] [5] [6] [7] , but nonetheless a certain percentage of patients could not be scanned, as heart rate reduction with beta blockers was not sufficient [2] [3] [4] [5] [6] [7] [8] .
Zhang and colleagues [16] could demonstrate that heart rates during breathhold in CTCA are lower as compared to normal breathing prior to scanning. However ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 reductions in heart rate during breath-hold are proportional to initial lung volumes [11] , with the greatest reduction in heart rate occurring when breath-hold is performed at deep inspiration, and the variations in extent of breath-hold altering the magnitude of the heart rate reductions [11] . The latter is well in line with the results of the present study, showing the lowest mean heart rates at deep inspiration during breath-hold. However, in a large proportion of patients in our study population, lowest heart rates were not only found at deep inspiration level during breath-hold, but at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 inspiration may cause dilution of the contrast material bolus and hence decrease artery attenuation [17] . As no flow measurements are feasible in CTCA imaging, we cannot exclude that the latter influenced the attenuation measurements in the present study, which represents a limitation of our work. However, we presume that the physiologic effect of intrathoracic pressure differences caused by different inspiration levels during breath-hold is negligible in CTCA with prospective ECGtriggering, as no significant relation was observed in our large study cohort.
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Figure legends
